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I 
FOREWORD 
An exploratory experimental and theo re t i ca l  inves t iga t ion  of  gaseous nuclear  
rocket technology is being conducted by the  United Ai rc ra f t  Corporation Research 
Laboratories under Contract NMW-847 with the j o i n t  AEC-NASA Space Nuclear Propulsion 
Office.  The Technical Supervisor of the  Contract f o r  NASA i s  Captain W. A. Yingling 
(USAF). 
September 15, 1964 and September 15, 1965 are described i n  t h e  following eleven 
repor t s  ( including the  present r e p o r t )  which comprise the  required t h i r d  Inter im 
Summary Technical Report under the  Contract: 
Resul ts  of t h e  inves t iga t ion  conducted during t h e  per iod between 
1. McFarlin, D. J.: Experimental Inves t iga t ion  of t he  Ef fec t  of  Per iphera l  Wall 
I n j e c t i o n  Technique on Turbulence i n  an A i r  Vortex Tube. UAC Research 
Laboratories Report D-910091-5, September 1965. (Unclass i f ied)  
I 
I 2. Johnson, B. V.: Analyt ical  Study o f  Propellant Flow Requirements f o r  Reducing 
Heat Transfer  t o  t h e  End Walls of Vortex-Stabilized Gaseous Nuclear Rocket 
Engines ( U )  . 
( r epor t  classified Confident ia l )  
UAC Research Laboratories Report D-910091-6, September 1965. 
3. Travers, A.: Experimental Inves t iga t ion  of Per iphera l  W a l l  I n j e c t i o n  Techniques 
i n  a Water Vortex Tube. 
1965. (Unclassif ied)  
UAC Research Laboratories Report D-910091-7, September 
4. Johnson, B. V., and A. Travers: Analytical  and Experimental Inves t iga t ion  of 
Flow Control i n  a Vortex Tube by End-Wall Suction and I n j e c t i o n  ( U ) .  
Research Laboratories Report D-gioogi-8, September 1965. 
Confident i a l  ) 
UAC 
( repor t  c l a s s i f i e d  
5. Mensing, A. E., and J. S. Kendall: Experimental Inves t iga t ion  of t h e  Effect  of 
Heavy-to-Light-Gas Density Ratio on Two-Component Vortex Tube Containment 
Charac t e r i s t i c s  ( U )  . UAC Research Laboratories Report D-910091-9, September 
1965. ( r epor t  c l a s s i f i e d  Confidential)  
6. Krascel la ,  N. L . :  Theore t ica l  Invest igat ion o f  t he  Opacity of Heavy-Atom Gases. 
UAC Research Laboratories Report D-910092-4, September 1965. (Unclass i f ied)  
7. Kesten, A. S., and R. B. Kinney: Theoretical  Ef fec t  of Changes i n  Consti tuent 
Opaci t ies  on Radiant Heat Transfer i n  a Vortex-Stabilized Gaseous Nuclear Rocket 
( U )  . UAC Research Laboratories Report D-910092-5, September 1965. ( r epor t  
Classified Confident ia l )  
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Experimental Refract ive Indices  and Theoret ical  Small-Particle 
Spec t ra l  Propert ies  o f  Selected Metals 
SUMMARY 
An appl ied research program was conducted t o  determine t h e  absorption, s c a t t e r -  
ing, and ex t inc t ion  parameters of small spher ica l  metal p a r t i c l e s  which might be 
employed as seeding agents t o  cont ro l  radiant  heat t r a n s f e r  i n  gaseous nuclear 
rocket  engines. This program consis ted of both experimental and t h e o r e t i c a l  phases. 
Under the  experimental phase of t h e  program, measurements were made using an e l l i p so -  
metric technique t o  determine t h e  complex r e f r a c t i v e  indices  of hafnium, molybdenum, 
nickel,  and tungsten i n  t h e  wavelength range between 0.2 and 0.7 microns. Under 
t h e  t h e o r e t i c a l  phase of t he  program, calculat ions were made using t h e  m e  theory 
t o  determine s p e c t r a l  absorption, scat ter ing,  and ex t inc t ion  parameters of small 
sphe r i ca l  p a r t i c l e s  made from nine d i f fe ren t  metals. 
using values of t he  complex r e f r ac t ive  indices of the  four  metals invest igated i n  
t h e  experimental phase of t h e  program and the  complex r e f r a c t i v e  indices  f o r  cobal t ,  
i ron,  t i tanium, vanadium, and zirconium determined from the  current  l i t e r a t u r e .  
Calculations were a l s o  made of the  Rosseland mean opaci ty  parameter of 0.05p-radius 
s p e c t r a l  absorption parameters determined from t h e  M e  
theory.  
These ca lcu la t ions  were made 
1 
RESULTS 
1. The var ia t ions wi th  wavelength of t h e  r e a l  and imaginary parts of t h e  
complex r e f r ac t ive  index of hafnium, molybdenum, nickel ,  and tungsten a r e  smooth 
and continuous between 0.2 and 0.7 microns. I n  general, these  ind ices  increase 
w i t h  increasing wavelength; these increases  a r e  t y p i c a l  of metals not exhib i t ing  
absorpt ion bands within the  wavelength range invest igated.  
2. The greatest  absorption parameter computed using t h e  f i e  theory and com- 
plex r e f r ac t ive  ind ices  measured i n  t h e  program i s  t h a t  f o r  n i cke l  and i s  equal t o  
4.5 x lo4 crn2/gm f o r  a wavelength of 0 . 4 2 ~  and a p a r t i c l e  rad ius  of 0 . 0 5 ~ .  
3. Measured values of t h e  r e a l  and imaginary p a r t s  of t h e  complex index of 
r e f r a c t i o n  of molybdenum, nickel,  and tungsten a r e  somewhat smaller i n  magnitude 
than values found i n  l i t e r a t u r e  references.  
being due t o  surface treatment of t he  samples r a the r  than t o  experimental e r ro r s .  
These d i f fe rences  a r e  regarded as 
4. The complex r e f r a c t i v e  index of hafnium, f o r  which no reference da ta  a r e  
ava i lab le ,  was found t o  vary from 1.58 - 1.30 i a t  0 . 7 ~ .  
I n  general ,  r e f r ac t ive  ind ices  a r e  wi th in  10 t o  20 percent of t h e  corresponding 
values f o r  tungsten, but d i f f e r  by g rea t e r  percentages from those f o r  molybdenum 
and nickel .  
a t  0 . 2 ~  t o  2.47 - 2.67i 
2 
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INTRODUCTCON 
The introduct ion of p a r t i c l e  seeds into gaseous media t o  con t ro l  rad ian t  heat 
t r a n s f e r  i s  of general  i n t e r e s t  f o r  a l l  types of rocket engines, and t h e  use of 
such seeds i s  probably a necessi ty  f o r  gaseous nuclear rockets  i n  which the  absorp- 
t i o n  of thermal r ad ia t ion  emanating from the gaseous nuclear f u e l  i s  t h e  primary 
mode of energy deposi t ion i n  the  propellant ( f o r  example, i n  t h e  concept of Ref. 1). 
The use of p a r t i c l e  seeds t o  con t ro l  radiant heat t r a n s f e r  may a l s o  be of i n t e r e s t  
f o r  sol id-core nuclear rockets  (Ref. 2 ) .  
information on t h e  absorption, s ca t t e r ing ,  and ex t inc t ion  c h a r a c t e r i s t i c s  of p a r t i -  
c l e s  made from a v a r i e t y  of mater ia l s  over a wide range of conditions.  
Therefore, it i s  des i r ab le  t o  ob ta in  
Two techniques have been employed t o  obtain information on t h e  absorpt ion and 
s c a t t e r i n g  c h a r a c t e r i s t i c s  of p a r t i c l e  seeds. 
ment of t h e  l i g h t  transmission and sca t t e r ing  which occurs i n  t e s t s  wi th  a l i g h t  
beam inc ident  on a gas o r  l i q u i d  containing a cloud of small p a r t i c l e s .  Resul ts  
obtained using this technique a r e  given i n R e f s .  3 through 8. 
cons i s t s  of t h e  ca lcu la t ion  of t h e  absorption and s c a t t e r i n g  c h a r a c t e r i s t i c s  of 
sphe r i ca l  p a r t i c l e s  from t h e  f i e  theory (Ref. 9) using experimentally determined 
values  of t h e  complex r e f r a c t i v e  index of the p a r t i c l e  material. 
obtained by t h i s  second technique a r e  given i n  R e f .  10. 
adopted f o r  use i n  t h e  program described i n  t h e  present  repor t  because it deals  
d i r e c t l y  wi th  t h e  o p t i c a l  p roper t ies  of the mater ia l s  involved and because it does 
not encounter the  problem of p a r t i c l e  agglomeration which has a large e f f e c t  on 
r e s u l t s  obtained by t h e  first technique. 
The first method involves measure- 
The second technique 
Typical r e s u l t s  
The second technique w a s  
Although measurements have been made t o  determine the  complex index of re f rac-  
t i o n  of a v a r i e t y  of mater ia l s  over a range of wavelengths, the ca lcu la t ions  of 
p a r t i c l e  absorpt ion and s c a t t e r i n g  cha rac t e r i s t i c s  i n  Ref. 10 were l imi ted  i n  
scope because i n s u f f i c i e n t  information was ava i l ab le  on many mater ia ls  of i n t e r e s t ,  
p a r t i c u l a r l y  i n  the  u l t r a v i o l e t  port ions of t he  spectrum. Therefore, t h e  objec t  
of t h e  present  t e s t s  w a s  t o  supplement avai lable  experimental information on t h e  
complex index of r e f r a c t i o n  of various materials and t o  employ this information 
i n  t h e  ca l cu la t ion  of t he  absorpt ion and sca t t e r ing  c h a r a c t e r i s t i c s  of p a r t i c l e  
seeds which might be used i n  gaseous nuclear rockets .  
3 
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OPTICAL PROPERTIES OF METALS 
Two of the o p t i c a l  p roper t ies  associated c lose ly  w i t h  metals, and l a r g e l y  
dis t inguishing them from other  forms of matter, a r e  high r e f r a c t i v i t y  and low t r ans -  
mission of incident electromagnetic rad ia t ion .  These proper t ies  may be described 
i n  terms of a complex r e f r a c t i v e  index, N = n - ik, where n i s  termed the  r e a l  p a r t  
and k the  imaginary pa r t  of t h e  index. The r e a l  p a r t  of t h e  r e f r a c t i v e  index, 
r e l a t ed  t o  re f rac t ion ,  r e f l ec t ion ,  and sca t t e r ing ,  i s  expressed i n  terms of Sne l l ’ s  
l a w ,  
n / n /  = sin 4 / s i n  (1) 
which describes t h e  change i n  d i r ec t ion  of l i g h t  caused by a change i n  r e f r a c t i v e  
index. The imaginary p a r t  of the r e f r a c t i v e  index, sometimes c a l l e d  the ex t inc t ion  
coef f ic ien t ,  i s  related t o  t h e  s p e c t r a l  absorpt ion coe f f i c i en t  a, by 
where a, i s  the absorpt ion coe f f i c i en t  i n  Iambert’s law 
I / I o  = K a w x  (3) 
The unique charac te r  of t h e  r e f r a c t i v e  index of metals i s  i l l u s t r a t e d  by t h e  
approximate values of n and k commonly encountered i n  d i f f e r e n t  phases and types 
of mater ia l s .  For example, t he  r e a l  por t ion  of t h e  r e f r a c t i v e  index f o r  gases a t  
273 K and 1 atm t y p i c a l l y  l i e s  between 1.00004 (helium) and 1.002 (gaseous organic 
compounds), r e l a t i v e  t o  n,,,,, = 1.0 (Ref. 11). The imaginary p a r t  of t h e  complex 
r e f r ac t ive  index fo r  gases i s  determined by t h e  o p t i c a l  t r a n s i t i o n s  i n  t h e  gas a t  
any given wavelength. 
band a t  a wavelength of 0 . 1 6 ~  i s  10’’ cm’l a t  a temperature of 1740 K and pressure 
of 29 a t m  (Ref. 4) ,  which corresponds t o  k = 4 x 10- 6 . 
such as air  i n  the v i s i b l e  region under ambient condi t ions,  may have complex p a r t s  
of t h e  r e f r ac t ive  index of t he  order of 10-9. Liquids, i n  general ,  exh ib i t  values 
of n between 1.0 and 2.0 (Ref. ll), and values  of k r e l a t e d  by the  mass dens i ty  
r a t i o  t o  those of gases.  The r e f r a c t i v e  index of molybdenum, by cont ras t ,  has 
been given as N = 3.59 - 3.40 i 
t i v e  and strongly absorbing. 
The approximate magnitude of a, f o r  HC1 i n  an  absorpt ion 
Truly t ransparent  gases, 
a t  0 . 5 4 6 ~  ( R e f .  12); molybdenum is highly r e f r ac -  
4 
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It i s  usua l ly  convenient t o  measure the two components of t h e  r e f r a c t i v e  
index of f l u i d s  i n  two separa te  experiments. T h a t  is, t h e  change of d i r e c t i o n  of 
a l i g h t  beam, r e l a t e d  t o  n as i n  Eq. (l), may be measured without reference t o  t h e  
neg l ig ib l e  absorption by t h e  f l u i d ,  and t h e  e x t i n c t i o n  coe f f i c i en t ,  k, may be 
obtained d i r e c t l y  (using Eq. (2 ) )  from the  s p e c t r a l  absorption c o e f f i c i e n t  u t i l i z -  
i n g  genera l ly  convenient pa th  lengths,  t yp ica l ly  i n  t h e  mill imeter t o  meter range. 
However, inspec t ion  of Eqs. (2) and (3) and s u b s t i t u t i o n  of a t y p i c a l  meta l l ic  
value of k = 3.0 revea ls  that ,  a t  0 . 5 ~ ~  50% absorp t ion  would be achieved by a metal 
having a thickness of only 0.01~ I n  general, it i s  more convenient t o  determine 
both parts of t h e  complex r e f r a c t i v e  index of metals simultaneously by r e f l e c t i o n  
methods u t i l i z i n g  evaporated films or  bulk material than t o  attempt t o  u t i l i z e  
transmission methods and f i n d  n and k separately.  
Polarized l i g h t  inc ident  upon a surface can be resolved i n t o  perpendicular 
components. The two components genera l ly  s u f f e r  unequal phase and amplitude 
changes on r e f l e c t i o n .  
r e l a t e  t hese  changes t o  t h e  complex r e f r ac t ive  index of a sur face .  
procedure (Refs. 13, 14, and 15)  involves the  measurement of t h e  r e f l e c t i o n  coe f f i -  
c i e n t s  of a sur face  using plane p o l a r i z e d l i g h t  having a s p e c i f i c  plane of po la r i -  
zation, e i t h e r  p a r a l l e l  or  perpendicular to t h e  sur face .  It i s  necessary t o  employ 
two complementary angles of incidence, as, f o r  example, 20 deg and 70 deg. The 
equations which r e l a t e  t o  t h i s  method a r e  given i n  APPENDUC I, Eqs. (1-1) through 
(1-4). However, a d i r e c t  so lu t ion  f o r  the index of r e f r a c t i o n  from t h e  experi- 
mental data i s  not p r a c t i c a l ,  even w i t h  high-speed computers. Ins tead ,  it is  
convenient t o  compute t h e  r e f l e c t i o n  coe f f i c i en t s  from se l ec t ed  values of n and k 
and i n t e r p o l a t e  graphica l ly  (Ref. 13). 
assoc ia ted  wi th  in t e rpo la t ion ,  t h e  necessary change i n  sample o r i e n t a t i o n  and 
alignment, and t h e  need t o  measure l i g h t  i n t e n s i t i e s .  
Two p r i n c i p a l  experimental methods have been developed t o  
The first 
Disadvantages of this method are t h e  e r r o r s  
An a l t e r n a t e  means of determining t h e  complex r e f r a c t i v e  index of a sur face  
i s  t h e  method of po lar iz ing  spectrometry, o r  ell ipsometry (Refs. 16 through 19). 
I n  t h i s  procedure, e l l i p t i c a l l y  polarized l i g h t  is  d i r ec t ed  a t  t h e  sur face  so that 
t h e r e  a r e  components both p a r a l l e l  and perpendicular t o  t h e  sur face .  
i nc iden t  beam i s  properly or ien ted ,  t h e  r e f l ec t ed  beam i s  plane polarized. 
t h i s  method t h e  a c t u a l  experimental quan t i t i e s  observed a r e  d i r e c t l y  r e l a t e d  t o  
t h e  phase and amplitude changes of t h e  t w o  components. The pe r t inen t  equations 
a r e  given i n  APPENDIX I, Eqs. (1-6) through (1-9). 
recourse t o  high-speed computers i s  necessary, but n and k can be computed more 
r e a d i l y  from observed q u a n t i t i e s  t h a n  i n  the previous instance,  and t h e  e r r o r s  of 
i n t e r p o l a t i o n  do not occur (Ref. 20). 
t h e  measurements a r e  obtained without regard t o  l i g h t  i n t e n s i t y ,  except t ha t  t h e  
process involves de t ec t ion  of a minimum i n  ne t  transmission. This method requi res  
no s h i f t  i n  o p t i c a l  alignment a t  any t ime .  One disadvantage i s  the  g rea t e r  number 
of o p t i c a l  components u t i l i z e d  i n  t h e  measurements, but t h i s  is  only s i g n i f i c a n t  i n  
When t h e  
I n  
A s  with t h e  first method, 
I n  addi t ion ,  t h e  two parameters pe r t inen t  t o  
5 
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t h e  i n i t i a l  alignment. Because of t h e  o v e r a l l  advantages, t h e  el l ipsometr ic  method 
w a s  employed i n  t he  measurements described i n  t h i s  repor t ;  da t a  reduction was accom- 
pl ished by means of a machine program run on t h e  IBM 7094-2 computer (Ref. 2 0 ) .  
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MEASUREMENT OF C0MPI;EX REFRACTIVE INDEX OF METALS 
Experimental Apparatus 
The ell ipsometer may be regarded as a polar iz ing  spectrometer. A s  such, it 
possesses f ea tu res  common t o  most spectrometers. 
and de tec to r  a r e  employed, with the  addition of t h e  po la r i z ing  components. A 
schematic diagram of t h e  ell ipsometer is  shown i n  Fig. 1. T h i s  instrument i s  
genera l ly  similar t o  tha t  used i n  Ref. 17. 
A l i g h t  source, sample holder 
The polar iz ing  components included a polar izer  and a n  analyzer (both Nicol 
prisms) and a compensator. 
between t h e  source and sample, and t h e  analyzer w a s  mounted between t h e  sample and 
de tec tor .  The func t ion  of t h e  po la r i ze r  was t o  provide plane polarized l i g h t  from 
t h e  unpolarized monochromator beam. The plane of po la r i za t ion  w a s  re fe r red ,  as 
were a i l  azimuthal o r i en ta t ions  along t h e  l i g h t  path, t o  t h e  plane containing t h e  
normal t o  t h e  sample and t h e  l i g h t  beam, i .e. ,  t o  t h e  plane of incidence. The 
o r i e n t a t i o n  of t h e  plane of po la r i za t ion  ( o r  p o l a r i z e r  a x i s )  w a s  determined by 
t h e  r o t a t i o n  of a divided c i r c l e  on which the po la r i ze r  w a s  mounted. 
of two experimental parameters, P, was t h e  po la r i ze r  o r i en ta t ion .  
w a s  used t o  separa te  t h e  plane polar ized  l i g h t  i n t o  perpendicular components and 
introduce a phase d i f fe rence ,  thus  producing e l l i p t i c a l l y  polarized l i g h t .  The 
compensator cons i s t s  of a p a i r  of quar tz  wedges having t h e  op t i c  axes p a r a l l e l  
and a f l a t  p l a t e  whose o p t i c  a x i s  i s  a t  90 deg t o  t h e  wedges. 
g r e a t e r  d i s t ance  wi th  t h e  plane of po lar iza t ion  p a r a l l e l  t o  t h e  op t i c  a x i s  under- 
goes a r e t a rda t ion ,  and t h e  phase difference r e s u l t s .  The compensator w a s  always 
used wi th  t h e  "fast" axis, i .e. ,  t h e  f l a t  p l a t e  o p t i c  axis, a t  -45 deg t o  t h e  
plane of incidence, and was  ad jus ted  by moving one wedge t o  produce 90 deg r e l a t i v e  
r e t a r d a t i o n  between t h e  two l i g h t  components a t  each wavelength. 
complex r e f r a c t i v e  index, a p a r t i c u l a r  s e t t i n g  of t h e  po la r i ze r ,  P, leads t o  plane 
polar ized  l i g h t  on r e f l e c t i o n  from the surface. 
u n t i l  a minimum s i g n a l  reaches t h e  detector,  it i s  poss ib le  t o  determine t h e  
o r i e n t a t i o n  of t h e  plane of po la r i za t ion  of  t h e  r e f l e c t e d  l i g h t .  
y i e l d s  t h e  second experimental parameter, which i s  t h e  analyzer s e t t i n g , A .  
f ixed  experimental conditions were the  wavelength, mater ia l ,  and angle of incidence. 
The po la r i ze r  and compensator were mounted i n  s e r i e s  
The first 
The compensator 
Light t r a v e l i n g  a 
For a s p e c i f i c  
Through r o t a t i o n  of t h e  analyzer 
This manipulation 
Other 
Samples u t i l i z e d  i n  these  inves t iga t ions  were MRC Corporation zone-refined, 
p o l y c r y s t a l l i n e  rods 0.25 i n .  i n  diameter and 0.15 t o  0.25 i n .  i n  length,  which 
were polished wi th  0.05~ abrasive,  chemically cleaned, and cemented i n t o  O.25-h. 
diameter holes i n  microscope s l i d e s .  The s l i d e s  were mounted on a Charles Supper 
X-ray goniometer which w a s  attached t o  the sample t a b l e .  
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I n  order t o  use the most e f f i c i e n t  o p t i c a l  system a t  each wavelength, t he  
measurements were performed i n  th ree  wavelength in t e rva l s ,  and some o p t i c a l  com- 
ponents were unique t o  each in t e rva l .  
0.35 t o  0.7'~ (v is ib le ) ,  0.3 t o  0 . 4 5 ~  (near W), and 0.2 t o  0 . 3 5 ~  (deep W).  
The three  wavelength i n t e r v a l s  used were 
System Employed i n  Visible  Measurements (0.35 t o  0 . 7 ~ )  
The source f o r  t h e  v i s i b l e  measurements was a 100-watt incandescent tungsten 
fi lament microscope i l luminator  powered by a 6-volt ba t te ry  supply f o r  s t a b i l i t y .  
The continuous spectrum was dispersed by a Bausch and b m b  monochromator Model 33- 
86-25, which u t i l i z e s  a d i f f r a c t i o n  grat ing.  Wavelength bandpass w a s  of t h e  order 
of 30 8, and the gra t ing  w a s  operable from 0.35 t o  0.8pu.n first order.  
pensator w a s  a Crystal Optics Babinet-Solei1 type, which is  usefu l  from t h e  vacuum 
W w e l l  i n t o  the inf ra red .  
manufactured from ca lc i t e ,  and t ransmit ted from approximately 0.2pthrough t h e  
inf ra red .  
an  RCA 1p21 photomultiplier tube mounted i n  a shielded housing; t h e  output signal 
was amplified and displayed by a Photovolt photometer. The analyzer and de tec tor  
were mounted on an  a r m  which pivoted about a v e r t i c a l  a x i s  i n t e r sec t ed  by t h e  
o p t i c a l  axis of t h e  f ixed components. 
ro ta ted  about the same v e r t i c a l  ax is .  
The com- 
The polar izers  were Crys ta l  Optics Glan-Thompson prisms 
These components were f ixed  t o  a r i g i d  metal bench. The de tec tor  w a s  
The sample w a s  mounted on a t a b l e  which 
System Employed i n  Near Ul t rav io le t  Measurements (0.3 t o  0 . 4 5 ~ )  
The source of u l t r a v i o l e t  l i g h t  was a 1000-watt Hanovia xenon-mercury lamp 
operated a t  approximately 35 v o l t s  and 25 amperes across  a s t a b i l i z e d  power supply. 
This source provides both s t rong mercury l i n e s  and a r i c h  continuum. 
wavelengths were obtained by means of a Perkin-Elmer Model 99 double-pass mono- 
chromator using an 1800-lines/mm d i f f r a c t i o n  grat ing.  The monochromator w a s  oper- 
a t ed  with blocking which prevented mixing of l i g h t  of an  undesired wavelength w i t h  
t h e  des i red  monochromatic beam. 
The desired 
Two overlapping wavelength ranges of 0.18 t o  0.36pand 0.32 t o  0.5pwere 
ava i lab le .  
w a s  approximately 4 A. 
W i t h  t h e  entrance s l i t  w i d t h  of 0.5 mm employed, wavelength bandpass 
The detector employed f o r  t he  near W measurements w a s  an  EMr6255-B end-on 
photomultiplier tube whose output w a s  displayed e i t h e r  on the  photometer used i n  
t h e  v i s i b l e  measurements or on a Hewlett-Packard VTVM; t h e  remainder of t h e  system 
w a s  unchanged from that employed i n  t h e  v i s i b l e  region measurements. 
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System Employed i n  Deep Ul t r av io l e t  Measurements (0.2 t o  0 . 3 5 ~ )  
Measurements between 0.2 and 0.35pwere conducted using a d d i t i o n a l  s p e c t r a l  
refinements which were designed t o  eliminate t h e  undesirable influence of s t r a y  
l i g h t .  A 13-cps chopper i n  t h e  Perkin-Elmer monochromator was operated i n  con- 
junc t ion  wi th  a tuned ampl i f ie r .  I n  t h i s  manner, only t h e  des i red  l i g h t  s i g n a l  
w a s  sensed by the  ampl i f ie r  system. 
was amplified and displayed on a s t r ip -cha r t  recorder.  
s t r a y  l i g h t  was  achieved by s u b s t i t u t i o n  of a g ra t ing  having 1200 lines/mm. 
permitted operation between 0.2 and 0 . 4 5 p i n  one range and f a c i l i t a t e d  sample 
alignment through t h e  use of v i s i b l e  l i g h t .  
wavelength bandpass was  approximately 6 8 .  
An RCA 1128 phototube was u t i l i z e d ;  t h e  s i g n a l  
S ign i f i can t  reduction i n  
This 
With t h e  s l i t  width of 0.5 mm employed, 
Alignment and Calibration 
Alignment of Optical  Components 
The o p t i c a l  alignment of t h e  ellipsometer proceeded i n  s e v e r a l  s teps ,  viz. ,  
(1) t h e  alignment of t he  o p t i c a l  axes, (2) f i x i n g  of r e l a t i v e  o r i e n t a t i o n  of t h e  
po la r i ze r ,  analyzer, and compensator. 
Alignment of OEtical Axis - - - - - - -  - - - -  
The o v e r a l l  o p t i c a l  alignment of t h e  instrument was f a c i l i t a t e d  by regarding 
t h e  p ivot  axis of t he  de t ec to r  arm as a reference ax i s .  
ment only t h e  tungsten source and Bausch and Lomb monochromator were i n  pos i t ion .  
A Kollmorgan Company il luminated collimator was  a t tached  t o  t h e  de t ec to r  arm using 
a p a r a l l e l  spacer p l a t e .  
sample loca t ion  and a l igned  using t h e  collimator. 
monochromator beam were then  compared by r o t a t i n g  t h e  sample t a b l e  u n t i l  t h e  mirror 
faced t h e  inc iden t  beam; adjustment of t h e  monochromator source assembly t o  y i e l d  
r e f l e c t i o n  along t h e  inc iden t  axis assured t h a t  all components l a y  i n  t h e  same 
o p t i c a l  plane. I n s e r t i o n  of each remaining component was followed by rechecking. 
A t  t h e  start  of t h e  a l ign -  
A f i r s t - s u r f a c e  s i l v e r e d  mirror w a s  posit ioned a t  t h e  
The co l l imator  beam and t h e  
Alignment of Po la r i ze r  and Analyzer W F t s  - - - - - - - - - - - - - - - - - -  - 
The p o l a r i z e r  and analyzer holders were a l igned  so t h a t  t h e i r  reference plane 
of transmission was  a t  0 deg t o  t h e  plane of incidence, which i s  t h e  plane includ- 
i n g  t h e  o p t i c a l  pa th  and t h e  normal t o  the sample sur face .  
i n  two s t e p s  (Ref. 17). 
observa t ion  of t ransmi t ted  l i g h t  i n t ens i ty  so that, a t  minimum i n t e n s i t y ,  P = A 
t - 9 0  deg. 
ad jus t ed  u n t i l  t h e  minimum transmission f e l l  a t  P =  0 deg and A = 90 deg. This 
procedure i s  t h e  most c r i t i c a l  of t h e  en t i r e  alignment, as any r e s i d u a l  e l l i p t i c i t y  
T h i s  was accomplished 
F i r s t ,  t h e  polar izer  and analyzer were ad jus ted  through 
Then, with an  a l igned  metal surface used f o r  reference,  t h e  mounts were 
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(ne t  e r r o r  i n  zero pos i t i on  of t h e  po la r i ze r  or analyzer )  a f f e c t s  t h e  r e s u l t s .  
The f i n a l  average e r r o r  i n  o r i en ta t ion  of e i t h e r  t h e  po la r i ze r  or  analyzer mounts 
w a s  l e s s  t h a n  0.03 deg (2 minutes of a r c ) .  
Cal ibra t ion  of t h e  Compensator 
The Babinet-Solei1 compensator i s  capable of providing phase d i f fe rence  
( r e t a rda t ions )  of approximately -3 t o  +10 waves i n  t h e  components of l i g h t  passing 
through it. I n  these  s tud ie s ,  a phase d i f fe rence  of 90 deg was desired.  While 
t h e  manufacturer provides a t a b l e  of wedge adjustment per  f u l l  wave difference,  
t h e  zero phase displacement s e t t i n g  i s  not given. Therefore, c a l i b r a t i o n  i s  
required i n  the v i c i n i t y  of t h e  wavelength employed. 
i n g  t h e  0, -1, and +1wave displacement s e t t i n g s  a t  se l ec t ed  wavelengths through 
t h e  spectrum with t h e  compensator or ien ted  a t  an  azimuth of -45 deg. 
between t h e  observed s e t t i n g s  and manufacturer's spec i f i ca t ions  were negl ig ib le .  
The + l/k-wave s e t t i n g s  were therefore  ca l cu la t ed  from t h e  observed zero- and f u l l -  
wave displacement s e t t i n g s .  
This w a s  e f f ec t ed  by observ- 
Differences 
Cal ibra t ion  of Monochromators 
The wavelength c a l i b r a t i o n  of t h e  Bausch and Lomb monochromator i s  f ixed  a t  
t i m e  of manufacture; t h e  g ra t ing  and g ra t ing  r o t a t i o n  assembly a r e  mounted essen- 
t i a l l y  permanently on t h e  t o p  cover of t h e  monochromator. Although t h e  e n t i r e  
cover i s  replaced t o  change from W t o  v i s i b l e  o r  IR, t h e  g ra t ing  ca r r i age  need 
not be disturbed. The c a l i b r a t i o n  was checked, however, by using in t e r f e rence  
f i l t e r s  t o  assure that wavelengths ind ica ted  d id  f a l l  wi th in  t h e  f i l t e r  t r ans -  
mission band. This w a s  found t o  be v a l i d  a t  0.365, 0.436, and 0 . 5 4 6 ~  
The Perkin-Elmer monochromator, on the  o t h e r  hand, i s  widely ad jus t ab le  and 
therefore  has no f a c t o r y  ca l ib ra t ion .  
overlapping in t e rva l s  of approximately 0.18pare a v a i l a b l e  by s t e p  changes i n  t h e  
g ra t ing  carriage pos i t ion .  
t o  0.36pand O . 3 l t o  0.49pwere ava i l ab le .  
wavelength standards t o  ob ta in  t h e  r e l a t i o n  of g r a t i n g  d r i v e  s e t t i n g  t o  wavelength 
i n  each of t h e  two ca r r i age  pos i t ions .  The same procedure w a s  followed t o  c a l i b r a t e  
t h e  g ra t ing  having I200 lines/mm except that t h e  i n t e r v a l  0.2 t o  0 . 4 5 ~  w a s  u t i l i z e d .  
With t h e  g r a t i n g  having 1800 lines/mm, 
The ca r r i age  was adjus ted  so that t h e  i n t e r v a l s  0.18 
Known mercury l i n e s  were taken as 
Experimental Procedure 
Preliminary adjustments t o  t h e  system included warmup of e l e c t r i c a l  systems 
and t h e  source, o r i en ta t ion  of t he  po la r i ze r  and ana lyzer  divided c i r c l e s  a t  0 deg 
(plane of polar iza t ion  p a r a l l e l  t o  t h e  plane of inc idence)  and o r i e n t i n g  t h e  com- 
pensator f a s t  axis a t  t h e  required azimuth of -45 deg. 
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The microscope s l i d e  holding the  sample w a s  clamped t o  t h e  goniometer and, 
w i t h  t h e  sample t a b l e  adjusted t o  0 deg, t h e  s l i d e  was manipulated so that t h e  
incident  beam w a s  r e f l ec t ed  d i r e c t l y  back onto a l imi t ing  aper ture .  
sample t a b l e  w a s  ro t a t ed  t o  y i e ld  the  angle of incidence employed (general ly  65 
deg), and t h e  de tec tor  a r m  w a s  pivoted t o  receive the  r e f l e c t e d  beam. 
chromator and compensator were then adjusted according t o  t h e  respec t ive  ca l ibra-  
t i o n s  f o r  the  wavelength of l i g h t  being employed. 
Then t h e  
The mono- 
The polar izer  and analyzer divided c i r c l e s  were then ro t a t ed  i n  t u r n  u n t i l  a 
minimum s i g n a l  reached t h e  detector .  (Approximately four  motions of each c i r c l e  
were required t o  loca t e  t h e  deepest minimum.) 
Representative values of t h e  first se t t ings ,  P, and A,, were 17.55 deg and 28.23 
deg, respect ively,  f o r  t h e  hafnium sample a t  0 . 5 5 ~ .  Next t h e  po la r i ze r  was ro t a t ed  
t o  90 deg and t h e  analyzer w a s  r e s e t  t o  0 deg. The adjustment process was repeated 
as above, t h i s  time y ie ld ing  ( f o r  hafnium a t  0 . 5 5 ~ )  P2 and A,* values of 108.62 deg 
and 331.67 deg, respect ively.  
i n  TABLE I. 
deg, and the  values of ap and a, a r e  28.23 and 28.33 deg, respec t ive ly .  
s c r i p t  on "a" r e f e r s  t o  the  inc l ina t ion  of the e l l i p s e  descr ibing t h e  incident  
beam of l i g h t  w i t h  respect  t o  the plane of incidence. The two values always d i f f e r  
s l i g h t l y ,  and it i s  presumed that a l l  s ign i f icant  e r r o r  i s  removed by the averaging 
of a The complex re f rac-  
t i v e  index w a s  computed using the  averages of t he  reduced experimental quan t i t i e s  
p and p and ap and a, respect ively.  
The P and A s e t t i n g s  were recorded. 
The method of reducing t h e  r a w  data is  summarized 
and P2 are 17.55 and 18.62 For t h i s  spec i f i c  case, t he  values of P, 
The sub- 
and 0 (See APPENDIX I1 f o r  a discussion of this poin t ) .  
I 2 
Results of Experimental Measurements 
The organizat ion of the f igu res  on which the  r e s u l t s  of this inves t iga t ion  
Also l i s t e d  on t h i s  table  a r e  the  f igu res  on a r e  p l o t t e d  is  given i n  TABLE 11. 
which complex r e f r a c t i v e  ind ices  obtained from t h e  l i t e r a t u r e  (Refs. 12, 14, and 
2 1  through 25) are p lo t ted .  
determined from measurements performed using hafnium, molybdenum, nickel ,  and 
tungsten are shown i n  Figs.  2 through 5 as funct ions of wavelength. 
each metal  a r e  shown together  w i t h  a smooth curve f a i r e d  through t h e  data. 
The r e a l  and imaginary p a r t s  of t he  r e f r a c t i v e  index 
A l l  data f o r  
The experimental r e s u l t s  f o r  hafnium a r e  shown i n  Fig. 2. 
t i v e  index exh ib i t s  a slow, regular  decrease from 0.7 t o  0 . 2 7 ~ .  
complex part becomes smaller i n  magnitude than t h e  real  part. 
a t  0 . 2 ~  is  N = 1.58 - 1.30 i . 
p a r i  s on. 
The complex r e f r ac -  
Below 0 . 2 7 ~  the  
The r e f r a c t i v e  index 
No relevant reference data a r e  ava i l ab le  f o r  com- 
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The experimental r e s u l t s  f o r  molybdenum a r e  displayed i n  Fig. 3 i n  the  same 
Li te ra ture  data (Ref. 12) a r e  shown i n  Fig. 3 f o r  wave- 
a t  0 . 2 ~  
fashion as for hafnium. 
lengths  of 0.436, 0.549, and 0 .579~ .  
from N = 3.02 - 2.65 i 
The r e f r a c t i v e  index of molybdenum va r i e s  
a t  0 . 7 ~  t o  1.13 - 2.50 i 
The results f o r  n i cke l  a r e  shown i n  Fig. 4. The r e a l  p a r t  of t h e  r e f r a c t i v e  
index exhibi ts  a smaller va r i a t ion  w i t h  wavelength i n  n i cke l  than i n  any o ther  of 
t he  mater ia ls  examined. The r e f r a c t i v e  index var ies  from = 0.91 - 2.89i a t  
0 . 7 ~  t o  N = 0.41 - 1 . 5 1  i 
i n  Fig. 4 f o r  wavelengths of 0.436 and 0.58~.  
a t  0 . 2 ~ .  Relevant l i t e r a t u r e  data (Ref. 12) a r e  shown 
Tungsten data  a r e  shown i n  Fig. 5. For tungsten, t h e  r e f r a c t i v e  index va r i e s  
from N = 2.50 - 300 i 
a r e  ava i lab le  f o r  comparison and a r e  shown f o r  0.57 and 0.58pon Fig. 5. 
a t  0 . 7 ~  t o  N = 1.06 - 1.82 i a t  0 . 2 ~ .  Limited data (Ref .  12) 
Discussion 
There a r e  s p e c t r a l  regions of c lose agreement between ex i s t ing  data and t h e  
r e s u l t s  of t h i s  inves t iga t ion ,  p a r t i c u l a r l y  f o r k .  For t h e  complex part of t h e  
r e f r a c t i v e  index f o r  molybdenum and tungsten,  these  measurements and some ava i l ab le  
l i t e r a t u r e  values d i f f e r  by only  about lo$, although, i n  t h e  case of tungsten,  
other  souxces are i n  disagreement by approximately 15%. 
n icke l  differs from previously determined values by about 25%. The real  part of 
t h e  r e f r ac t ive  index d i f f e r s  by approximately 40% from t h e  l i t e r a t u r e  values f o r  
molybdenum, 50% f o r  nickel ,  and 25 and 40% f o r  t he  two sources c i t e d  i n  R e f .  12 
f o r  tungsten. 
The complex part f o r  
Li te ra ture  da ta  employed f o r  comparison i n  Figs.  3 t o  5 are a l l  f o r  polished, 
bulk mater ia l  (Ref. E?). Alternate  forms of sur face  treatment such as etching, 
cleaving, surface heating o r  bombardment, and formation of t h e  surface by evapora- 
t i o n - - a l l  tend t o  y i e ld  d i f f e r e n t  results (Refs. 14, 15, 22, and 26); i n  general ,  
t h e  vacuum-maintained, highly clean sur faces  (Refs. 14, 15, and 22) y i e l d  t h e  
l a r g e s t  r e f r ac t ive  indices ,  and polished samples y i e l d  the  smallest  complex ind ices .  
Greater differences can be found between separa te  measurements on nominally similar 
surfaces  ( R e f .  12) than t h e  d i f fe rences  between the  results of t h e  present  r epor t  
and l i t e r a t u r e  data.  
r e f r a c t i v e  indices; it is  known that pol ishing of e i t h e r  type of surface,  whi le  
not a f f e c t i n g  the f l a t n e s s  o r  r e f l e c t i v i t y ,  leads t o  a reduct ion i n  t h e  measured 
n and k . 
ments tends t o  produce, even i n  c r y s t a l l i n e  samples, a sur face  whose proper t ies  a r e  
more c lose ly  amorphous i n  nature (Ref. 22). 
Cleaved surfaces  o r  evaporated films exh ib i t  t h e  highest  
It has been concluded t h a t  pol ishing such as that employed i n  t h e  measure- 
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THEORETICAL INVESTIGATION OF THE EXTINCTION, ABSOR€TION, AND ROSSELAND MEAN 
OPACITY PARAMETEE3 OF SOLID PARTICUS 
Mie Theory 
Electromagnetic r ad ia t ion  inc ident  upon matter is, i n  general, p a r t i a l l y  
absorbed and partially sca t t e red .  
cesses i s  termed ex t inc t ion .  
surrounded by a continuous matrix (a gas or l i q u i d )  may be analyzed t h e o r e t i c a l l y  
by t h e  so lu t ion  of Maxwell's electromagnetic equations wi th  appropr ia te  boundary 
conditions.  
c a l  p a r t i c l e s  of r e f r a c t i v e  index N, surrounded by a continuous matrix of r e f r ac -  
t i v e  index N, was first formally solved by W e  ( R e f .  9). 
basis f o r  t h e  UARL machine computation program employed t o  estimate t h e  s p e c t r a l  
ex t inc t ion  and absorption parameters of small s o l i d  p a r t i c l e s  appl icable  as seed- 
i n g  agents i n  t h e  propel lan t  region of a gaseous core nuclear rocke t  (Ref. 1). 
Only a summary of t h e  pe r t inen t  equations w i l l  be presented i n  this repor t .  A 
d e t a i l e d  ana lys i s  of t h e  machine program i s  given i n  Ref. 10. 
The sum of t h e  absorption and s c a t t e r i n g  pro- 
The extinction of  r a d i a t i o n  by small s o l i d  p a r t i c l e s  
The so lu t ion  f o r  t he  case of plane wave r a d i a t i o n  inc ident  upon spheri-  
The M5.e theory  i s  t h e  
The fundamental M e  equations f o r  evaluating t h e  s p e c t r a l  p rope r t i e s  of small 
sphe r i ca l  p a r t i c l e s  are (Refs. 9 and 10): 
= (12 
m - l  
2m t I )  Re (arn+ b,) 
a0 
cs = - 2 7  R2 x ( 2 m  + 1 1 ( J a , 1 ~  + I b m I 2 )  
m - l  U* 
- Os ca = De 
(4) 
( 5 )  
where t h e  d s  a r e  t h e  ex t inc t ion ,  sca t te r ing ,  and absorption cross-sections per  
p a r t i c l e ;  R, t h e  p a r t i c l e  radius;  om andb,, t h e  Mie coe f f i c i en t s ;  and Q , a dimen- 
s i o n l e s s  s i z e  parameter. The quant i ty  a is  defined by: 
a = -  2rrR = 2 7  x 10-4 RU x 
where i s  t h e  wavelength of t he  inc ident  r ad ia t ion  and w t h e  r ec ip roca l  of o r  
the  wave number. The Mie coe f f i c i en t s  om and b,are a n a l y t i c a l l y  represented by: 
r r l/ 
where 6 i s  t h e  r e f r a c t i v e  index of t h e  p a r t i c l e  N,, r e l a t i v e  t o  t h a t  of t h e  medium 
IV2* 
(2) 
The quan t i t i e s  jmC 1 and hm( ) a r e  sphe r i ca l  Bessel  and Hankel func t ions  
while the primes denote d i f f e r e n t i a t i o n  w i t h  respec t  t o  t h e  argument of the Bessel 
o r  Hankel functions.  
The equations out l ined above permit analysis of t h e  ex t inc t ion ,  s ca t t e r ing ,  
and absorpt ion cross-sections f o r  sphe r i ca l  p a r t i c l e s  as a func t ion  of p a r t i c l e  
radius i f  t he  r e f r ac t ive  ind ices  of t h e  p a r t i c l e  and matrix mater ia l s  a r e  known 
as a func t ion  of wavelength. 
of t h e  matrix mater ia l  i s  assumed t o  be uni ty ,  therefore :  
I n  t h e  UARL program (Ref. 10) t h e  r e f r a c t i v e  index 
(U - N = N , =  N = n - i k  
where n i s  the  r e a l  part and k t h e  imaginary p a r t  of t h e  r e f r a c t i v e  index of t h e  
p a r t i c l e  material .  
The cross-sections f o r  ex t inc t ion ,  s c a t t e r i n g ,  and absorpt ion may be normal- 
2 ized w i t h  respect t o  p a r t i c l e  weight t o  give t h e  corresponding parameters i n  c m  
per gram of seed mater ia l ,  that is: 
14 
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b, = a, 1 pv 
where p i s  t h e  mass densi ty  and V t h e  volume of t he  seed p a r t i c l e s .  
Results of Mie Calculations 
M e  ca lcu la t ions  were performed t o  determine t h e  e f f e c t  of wavelength and 
p a r t i c l e  s i z e  on t h e  ext inct ion,  absorption, and sca t t e r ing  parameters of metal  
p a r t i c l e s  which might be used as seeding materials i n  rocket engines. Refract ive 
index da ta  required f o r  t he  calculat ions were obtained from Figs. 2 through 5 and 
from t h e  l i t e r a t u r e .  The da ta  obtained from t h e  l i t e r a t u r e  f o r  cobal t  ( R e f .  21), 
i r o n  (Ref. 22), t i tanium (Ref. 21), vanadium (Ref. 23), and zirconium (Ref .  21) 
a r e  graphica l ly  i l l u s t r a t e d  i n  Figs.  6 through 10. The ex t inc t ion  and absorpt ion 
parameters of small spher ica l  p a r t i c l e s  made from these  mater ia l s  were ca lcu la ted  
as a func t ion  of wavelength for  various pa r t i c l e  r a d i i  between 0.01 and 1.0~. 
Theore t ica l  r e s u l t s  obtained using complex indices  obtained from the  l i t e r a t u r e  
a r e  i l l u s t r a t e d  i n  Figs. 11 through 15. 
a wavelength of approximately 2 . 5 ~  were previously reported i n  R e f .  10, while those 
above 2.5pwere computed as p a r t  of t h e  current inves t iga t ion .  The r e s u l t s  f o r  
i ron ,  titaniuni, vanadium, and zirconium, except f o r  a few points,  represent  the  
results of new ca lcu la t ions .  
The r e s u l t s  f o r  cobalt  (see Fig. 6) below 
The r e s u l t s  of I5.e ca lcu la t ions  made using t h e  data  of Figs.  2 through 5 a r e  
p l o t t e d  i n  Figs.  16 through 19. 
molybdenum p a r t i c l e s  ( R = 0.05 and 0 . 5 0 ~ )  based on r e f r a c t i v e  indices  measured a t  
UARL and r e f r a c t i v e  indices  reported i n  Ref. 10 i s  given i n  Fig. 20. 
comparison i s  graphical ly  made i n  Fig. 21 f o r  tungsten p a r t i c l e s .  
A comparison of t h e  absorption parameters of 
A similar 
D- g i o o p  6 
A graphical summary of the  s p e c t r a l  absorption parameters of p a r t i c l e s  made 
from a l l  nine mater ia ls  s tudied during t h e  current  i nves t iga t ion  i s  presented i n  
Fig. 22 for wavelengths between 0.2 and 1 .0pand f o r  p a r t i c l e s  having r a d i i  of 
0.05,. Similar r e s u l t s  a r e  presented i n  Fig. 23 f o r  wavelengths between 1.0 and 
2O.OP. A s  i s  evident i n  Fig. 22, t h e  maximum ca lcu la ted  absorpt ion parameter of 
4.5 x 104cm2/@ occurs a t  a wavelength of approximately 0 . 4 2 ~ -  and 0.05P-radius 
n icke l  pa r t i c l e s .  
Rosseland Mean Opacity Parameter of Tungsten P a r t i c l e s  
The Rosseland mean opaci ty  parameter i s  given by t h e  following equation 
(Ref. 27): 
dw 
b, = 
where the  black-body function, B,, is given by: 
2 3  2hc  w 
e hew/ k'T 
8, = 
- 1 )  
Equation (15) was evaluated e a r l y  i n  t h e  program before t h e  r e f r a c t i v e  index da ta  
from Fig.  5 were ava i lab le  f o r  computation of t h e  s p e c t r a l  absorpt ion parameters. 
Therefore, determination of t h e  Rosseland mean opac i ty  parameter of tungsten p a r t i -  
c l e s  ( R  = 0 . 0 5 ~ )  was based on t h e  ca lcu la ted  s p e c t r a l  absorpt ion parameters reported 
f o r  t h i s  material  a t  wavelengths between 0.4 and 4 . 0 ~  i n  Ref. 10. 
r e f r ac t ive  index of tungsten used t o  ca l cu la t e  t hese  s p e c t r a l  absorpt ion parameters 
were reported i n  Ref. 25.) 
a r e  shown as a so l id  l i n e  i n  Fig. 24. I n  order t o  eva lua te  Eq. ( l 5 ) ,  it w a s  neces- 
s a r y  t o  extrapolate  the  absorpt ion parameter results from Ref. 10 below a wave 
number of 2500 cm'l ( 
The extrapolated values of the  absorpt ion parameter a r e  i l l u s t r a t e d  by dashed l i n e s  
i n  Fig. 24. 
t h e  complex re f rac t ive  index da ta  from Fig. 5. ( A s  previously noted, these  r e s u l t s  
were not avai lable  when Eq. (15) w a s  evaluated.)  
parameter a t  wave numbers above 25QOO em' ( X < 0.4~) shown i n  Fig.  24 is  i n  f a i r  
agreement wi th  the ca lcu la ted  absorpt ion parameter based on t h e  r e f r a c t i v e  index 
da ta  from Fig. 5. 
(The complex 
These s p e c t r a l  absorpt ion parameter r e s u l t s  from Ref. 10 
> 4 . 0 ~ )  and above a wave number of 25,000 cm'l ( < 0.4~) 
A l s o  shown i n  Fig.  24 a r e  the  absorpt ion parameter r e s u l t s  based on 
The ex t rapola ted  absorpt ion 
16 
The Rosseland mean opacity r e s u l t s  f o r  0.05-micron-radius tungsten p a r t i c l e s  
Note that the  absorption parameter of tungsten used i n  the  a r e  shown i n  Fig. 25. 
evaluation of Eq. (15) was based on re f rac t ive  index da ta  obtained a t  a temperature 
of approximately 300 K. 
with temperature shown i n  Fig. 25 is due t o  t h e  va r i a t ion  of weighting function, 
dB,/dT and t h e  st imulated emission f ac to r ,  ( I - e 
evident i n  Fig. 25, t h e  Rosseland mean opacity parameter of 0.05-micron-radius 
tungsten p a r t i c l e s  var ies  from a value of approximately 80 cm2/gm a t  a temperature 
of 1600 K t o  a value of approximately 900 cm2/gm a t  a temperature of 5600 K 
(approximate melting point of tungsten).  
Thus, t h e  var ia t ion of t he  Rosseland mean opaci ty  parameter 
) with  temperature. A s  i s  - hcw/k‘T 
A t  a temperature of 5600 K, approximately 95 percent of t h e  energy radiated 
by a black body is  a t  wave numbers below about 25,000 cm’l, while a t  a temperature 
of 1600 K, almost a l l  t h e  black-body energy i s  a t  wave numbers l e s s  than 25000 crn-l. 
Theref ore, re-evaluation of Eq. (15) incorporating t h e  s p e c t r a l  absorption parameter 
computed on t h e  bas i s  of t he  r e f r ac t ive  index data  from Fig.  5 would not appreciably 
a l t e r  t h e  Rosseland mean opacity parameter shown i n  Fig. 25. 
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LIST OF SYMBOLS 
a 
a m  
A 
B w  
C 
I 
I 
k 
Reduced value of azimuthal s e t t i n g  of analyzer,  deg 
Mie coe f f i c i en t ,  see Eq. (8) 
Spec t ra l  absorption coef f ic ien t ,  cm” 
Experimental value of azimuthal s e t t i n g  of analyzer,  deg 
Absorption parameter, cm2/gm 
Extinct ion parameter, cm‘/gm 
m e  coe f f i c i en t ,  see  Eq. (9) 
Rosseland mean opaci ty  parameter, cm2/grn 
Sca t te r ing  parameter, cP/gm 
Black-body function, see  Eq. (16) 
Velocity of l i g h t ,  2.9979 x 1O1O cm/sec 
Planck’s constant,  6.6237 x erg-sec 
Spherical  Hankel funct ion 
7 
d- 
I n t e n s i t y  of l i g h t  a f t e r  passage through sample, a r b i t r a r y  u n i t s  
I n t e n s i t y  of l i g h t  before passage through sample, a r b i t r a r y  u n i t s  
Spherical  Bessel funct ion 
Boltzmann constant,  1.3802 x 
Imaginary pa r t  of r e f r ac t ive  index 
Real pa r t  of r e f r a c t i v e  index 
Complex r e f r a c t i v e  index, N = n - i k  
erg/deg K 
2 1  
D - 91oop- 6 
- 
N 
N ,  
1\12 
P 
P 
r 
R 
Re 
T 
V 
X 
Greek Le t t e r s  
Q 
n 
Relat ive r e f r ac t ive  index, see  Eq. (10) 
Refract ive index of p a r t i c l e  
Refract ive index of matrix o r  medium 
Reduced value of azimuthal s e t t i n g  of po lar izer ,  deg 
Experimental value of azimuthal s e t t i n g  of po lar izer ,  deg 
Reflect ion coe f f i c i en t  of l i g h t  inc ident  on sur face  
P a r t i c l e  radius ,  microns 
Real pa r t  of a complex quant i ty  
Temperature, deg K 
P a r t i c l e  volume, cm3 
Sample thickness,  cm 
Relat ive s i z e  parameter, see  Eq. (7) 
Phase d i f fe rence  introduced between p a r a l l e l  and perpendicular plane 
l i g h t  waves upon r e f l e c t i o n ,  deg 
Phase d i f fe rence  introduced by compensator, deg 
Wavelength, Angstroms or  microns 
bss  densi ty ,  gm/cm3 
Absorption cross-section, cm2/particle 
Extinction cross-sect ion,  cm2/particle 
Scat ter ing cross-see t i on ,  cm2/particle 
Angle Of incidence of l i g h t  r e l a t i v e  t o  normal t o  sample, deg 
Angle of r e f r ac t ion  of l i g h t  r e l a t i v e  t o  normal t o  sample, deg 
22 
I 
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JI t 
I w 
I 
I 
I Subscripts 
P 
5 
Arc t a n  of r a t i o  of r e f l ec t ion  coe f f i c i en t s  of p a r a l l e l  and perpen- 
d i cu la r  plane l i g h t  waves, deg 
Wave number, cm-l 
Plane of po la r i za t ion  p a r a l l e l  t o  normal t o  sur face  
Plane of po la r i za t ion  perpendicular t o  normal t o  surface 
I 
23 
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APPENDIX I 
EQUATIONS RELATING THE COMPLEX REFRACTIVE INDEX 
TO MPERIMENTAL QUANTITIES 
The r e f l ec t ion  coe f f i c i en t s  of l i g h t  polar ized i n  planes p a r a l l e l  and perpen- 
d i cu la r  t o  the plane of incidence a r e  given by t h e  Fresnel  equations (Ref. 13): 
According t o  Snel l ' s  l a w ,  
s i n  d, = N s i n  x 
when N is complex and defined as: 
N =  n - i k  (1-3) 
By proper manipulation of Eqs. (1-1) through (I-3), r e f l e c t i o n  coe f f i c i en t s  can be 
r e l a t e d  t o  t h e  complex r e f r a c t i v e  index (Ref. 13). However, t he  r e s u l t i n g  equa- 
t i o n s  lead  more d i r e c t l y  t o  a descr ip t ion  of t h e  experimentally observable quanti-  
t i e s  rp and r, i n  terms of n and k than t o  a reduct ion of t h e  measured rp and r, t o  
y i e l d  n a n d k .  
c i e n t s  i n  t h e ' v i c i n i t y  of an t i c ipa t ed  ranges of t he  complex r e f r a c t i v e  index and 
solve f o r  t h e  single values of n and k by graphica l  i n t e rpo la t ion .  
Therefore, it i s  t h e  p rac t i ce  t o  solve f o r  t h e  r e f l e c t i o n  coe f f i -  
I n  t h e  el l ipsometr ic  method (Ref. 28), t h e  quan t i ty  of i n t e r e s t  i s  t h e  r a t i o  
of t h e  r e f l ec t ion  coe f f i c i en t s  of l i g h t  polar ized p a r a l l e l  and perpendicular t o  
the  plane of incidence, 
r = r / r s  
P (1-4) 
24 
where fp  and rs a r e  defined i n  Eq. (1-1). I n  terms of measurable quan t i t i e s ,  
(I- 5 )  iA r = tan $ e 
where and a r e  r e l a t e d  t o  a a n d p ,  the reduced experimental analyzer and pDlar- 
i z e r  s e t t i n g s ,  respect ively,  by 
A = 2 p  f 90' (1-7) 
The complex r e f r a c t i v e  index may then be computed from t h e  following equation 
(Refs. 28 and 29).  
1/2 
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APPENDIX I1 
DATA REDUCTION AND PRECISION I N  ELLIPSOMETER IGWSUREMENTS 
Reduction of Data 
A s  indicated i n  APPENDIX I, the  th ree  quan t i t i e s ,  4,  a ,  and p a r e  necessary 
t o  spec i fy  n and k f o r  a given wavelength. 
d i r e c t l y  i n  data reduction. 
shown i n  TABLE I, which summarizes t h e  r e l a t ionsh ips  between t h e  experimental and 
reduced quant i t ies  f o r  two o r i en ta t ions  of t h e  compensator. Note t h a t  two values 
of t h e  analyzer s e t t i ngs ,  a p  and a,, arise as a r e s u l t  of having t h e  o r i en ta t ion  
of the polar izer  plane of transmission nearer  e i t h e r  t h e  plane of incidence or t h e  
plane of t h e  surface. 
o f p .  The t rue  value of 0 was taken as t h e  average of ap and a , .  
d i f fe rences  i n  ap and a , ,  which would a r i s e  from compensator r e t a rda t ion  o the r  than 
90 deg, d id  not occur. 
The angle  of incidence, 4, i s  u t i l i z e d  
The t r u e  values of p and a were found using t h e  scheme 
Readings a t  each wavelength yielded a p ,  a , ,  and two values 
S ign i f i can t  
Typical values f o r  p and a are shown i n  Fig. 26. 
A machine program (Ref. 20) w a s  employed t o  compute t h e  complex r e f r a c t i v e  
index from the  observed values  of p and a .  
APPENDIX I. 
uni ty)  of t h e  surrounding medium, t h e  angle of incidence,  t h e  average of t h e  two p 
s e t t i n g s  and the average of o p  and 0,. 
r e f r a c t i v e  index f o r  each s e t  of p and a values.  The va r i a t ions  of n and k with  
t h e  analyzer  s e t t i ng  f o r  various po la r i ze r  s e t t i n g s  a r e  shown i n  Figs.  27 and 28, 
respec t ive ly  . 
The p r i n c i p a l  equations are given i n  
Input da ta  included t h e  r e f r a c t i v e  index (assumed real  and equal  t o  
The machine program then computed a complex 
Discussion of Errors 
Errors i n  e l l ipsometr ic  measurements a r i s e  from many sources:  improper a l ign -  
ment and or ien ta t ion  of components, f a i l u r e  t o  l o c a t e  t h e  t r u e  i n t e n s i t y  minimum, 
improper compensator s e t t i n g s ,  wrong sample o r i en ta t ion ,  and human e r r o r  i n  readout.  
The establ ished alignment procedure assured t h a t  t h e  o p t i c a l  a x i s  was i n  proper 
reference t o  the sample and t h a t  t h e  po la r i ze r  and analyzer  s ides  were properly 
or ien ted .  
0 deg during alignment, was 
s e t  and was found t o  be within ! 0.02 deg of t h e  des i r ed  pos i t ion .  
The average e r r o r  i n  po la r i ze r  o r i en ta t ion ,  w i t h  t h e  analyzer  f ixed  a t  
The compensator o r i e n t a t i o n  was factory-  0.03 deg. 
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The minimum e r r o r  which may be associated wi th  t h e  l o c a t i o n  of t h e  minimum 
may be found by examination of Figs. 29 and 30, i n  which t h e  e f f e c t  of independent 
analyzer and po la r i ze r  ro t a t ions  a r e  shown. 
u n i t s  could be distinguished; t h i s  corresponds t o  !O.l5 deg. However, it i s  
possible t o  estimate the  minimum point more c lose ly  by passing through t h e  minimum 
seve ra l  times. It was found that seve ra l  operators i n  succession could reproduce 
t h e  same s e t t i n g  t o  i O . 1 0  deg. The e r r o r s  i n  t h e  r e a l  and imaginary p a r t s  of t h e  
r e f r a c t i v e  index assoc ia ted  with e r r o r s  of kO.15 deg i n  t h e  p o l a r i z e r  and analyzer 
s e t t i n g s  are approximately n = -10.02 and k = -10.02 when e i t h e r  p or a is  he ld  
independently constant. 
A minimum de f l ec t ion  of 0.05 i n t e n s i t y  
The e f f e c t  of using a compensator y ie ld ing  o ther  than 90 deg r e t a r d a t i o n  i s  
t o  induce d i f fe rences  between a,, and a, (Ref. 17). 
s a t o r  was intended t o  eliminate t h i s  source of e r ro r .  
and a 's  f o r  d i f f e r e n t  zones s t i l l  occur. For example, see  Fig. 26, i n  which t h e  
two values of p and a a t  each wavelength are obtained from d i f f e r e n t  zones. This 
behavior has been observed previously and is ascr ibed  t o  a non-removable i n s t r u -  
mental e r r o r ;  averaging t h e  s e t t i n g s  from two zones i s  a s a t i s f a c t o r y  remedy 
(Ref. 17). 
The c a l i b r a t i o n  of t h e  compen- 
However, d i f fe rences  i n  p's 
The e f f e c t  of using a compensator r e t a rda t ion  of o ther  than 90 deg w a s  de te r -  
mined; t h e  r e s u l t s  are shown i n  Fig. 31. Se t t ings  of p and 0 were obtained f o r  
s eve ra l  compensator s e t t i n g s ;  t h e  a and p values from each of two zones were 
averaged, and t h e  n and k were computed. 
so long as t h e  average of a p  and a, i s  used. 
pensator r e t a r d a t i o n  by assuming t h a t  any d i f fe rence  between a p a n d  a, i s  due t o  
compensator e r r o r ,  according t o  t h e  equation (Ref. 17) 
It i s  shown that t h e  e r r o r  is  negl ig ib le  
It i s  poss ib le  t o  c a l c u l a t e  t h e  com- 
ap - os = ( 6  - ~ 1 2 )  cos 2 p  tan 2141 (I1 -1) 
When t h i s  w a s  done, t h e  ca lcu la ted  compensator r e t a rda t ion  corresponded extremely 
w e l l  t o  that expected on t h e  bas i s  of observed compensator ca l ib ra t ion .  
Alignment of t h e  sample a t  0 deg by r e f l e c t i n g  t h e  inc ident  beam minimized 
o r i e n t a t i o n  e r ro r s .  
no change i n  t h e  experimental parameters. One important aspec t  of sample or ien ta-  
t i o n  w a s ,  however, c lose ly  checked; t h i s  i s  t h e  e f f e c t  of angle of incidence on 
t h e  ca l cu la t ed  n and k .  The magnitude of t he  e f f e c t  i s  not w e l l  e s t ab l i shed  
(Refs. 18 and 30) .  
of incidence of 60 t o  80 deg on seve ra l  metals. The r e s u l t s  are shown i n  Fig. 32. 
It is  evident  that only a small e f f e c t  OCCUTS, and that t h e  highest  values of n 
and k are found f o r  inc ident  angles of 65 deg. The e f f e c t  of misalignment and 
Changes of + 2  min from t h e  aligned sample pos i t i on  yielded 
To determine t h e  e f fec t ,  measurements were made a t  known angles 
27 
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consequent use of t he  wrong value of t h e  angle of incidence w a s  determined by 
computation; an e r r o r  Of 1 deg i n  t h e  angle of incidence leads t o  e r ro r s  Of approxi- 
mately 0.05 and 0.10 i n  n and k, respect ively.  
5 min. were eas i ly  avoided; misalignment was not a s igni f icant  source of e r ro r .  
Orientat ion e r ro r s  as small as 
The human e r r o r  i n  readout was reduced by p l o t t i n g  the experimentally observed 
values of p a n d a ,  as shown i n  Fig. 26. 
misinterpretat ion of the t r u e  s e t t i n g  of p or  o can be recognized. 
l e s s  than approximately 0.5 deg are not, however, readily i d e n t i f i a b l e  as such, but  
w i l l  be reduced i n  e f f e c t  by t h e  zone-averaging process. 
Since a smooth curve i s  t o  be expected, 
Reading e r ro r s  
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EXPERIMENTALLY DETERMINED REAL AND IMAGINARY PARTS 
OF THE COMPLEX REFRACTIVE INDEX OF HAFNIUM 
BETWEEN 0 . 2 ~  AND 0.7~ 
COMPLEX REFRACTIVE INDEX N =  n - i k 
FLAGS ON SYMBOLS INDICATE SUPERPOSITION OF DATA POINTS 
0 
0.2 0.3 0.4 0.5 
WAVELENGTH, - p  
0.6 0.7 
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0-910092-6 FIG. 3 
EXPERIMENTALLY DETERMINED REAL AND IMAGINARY PARTS 
BETWEEN 0 . 2 ~  AND 0.7~ 
OF THE COMPLEX REFRACTIVE INDEX OF MOLYBDENUM 
COMPLEX REFRACTIVE INDEX N = n- i k 
FLAGS ON SYMBOLS INDICATE SUPERPOSITION OF DATA POINTS 
3.2 0.3 0.4 0.5 
WAVELENGTH, - p  
0.6 0.7 
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EXPERIMENTALLY DETERMINED REAL AND IMAGINARY PARTS 
OF THE COMPLEX REFRACTIVE INDEX OF NICKEL 
BETWEEN 0 . 2 ~  AND 0 . 7 ~  
COMPLEX REFRACTIVE INDEX N=  n - i k 
FLAGS ON SYMBOLS INDICATE SUPERPOSITION OF DATA POINTS 
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WAVELENGTH, - p  
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EXPERIMENTALLY DETERMINED REAL AND IMAGINARY PARTS 
OF THE COMPLEX REFRACTIVE INDEX OF TUNGSTEN 
BETWEEN 0 . 2 ~  AND 0.7~ 
COMPLEX REFRACTIVE INDEX N =  n -  i k 
FLAGS ON SYMBOLS INDICATE SUPERPOSITION OF DATA POINTS 
WAVELENGTH, A - p 
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I 
EFFECT OF WAVELENGTH ON THE REAL AND IMAGINARY 
PARTS OF THE REFRACTIVE INDEX OF COBALT 
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EFFECT OF WAVELENGTH ON THE REAL AND IMAGINARY 
PARTS OF THE REFRACTIVE INDEX OF TITANIUM 
N = n  - i k  
0 - DATA FROM REF. 21 
X - DATA FROM REF. 24 
0 
0.2 0.5 I 2 
WAVELENGTH, X - p  
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EFFECT O F  WAVELENGTH ON THE R E A L  AND IMAGINARY PARTS 
OF THE REFRACTIVE INDEX O F  VANADIUM 
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EFFECT OF WAVELENGTH ON THE REAL AND IMAGINARY PARTS 
OF THE REFRACTIVE INDEX OF ZIRCONIUM 
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EFFECT OF WAVELENGTH ON THE EXTINCTION AND 
ABSORPTION PARAMETERS OF SPHERICAL COBALT PARTICLES 
- EXTINCTION .PARAMETER, be --- ABSORPTION PARAMETER, bo 
(SCATTERING PARAMETER, bS be- bo) 
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EFFECT OF WAVELENGTH ON THE EXTINCTION AND ABSORPTION 
PARAMETERS OF SPHERICAL IRON PARTICLES 
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EFFECT OF WAVELENGTH ON THE EXTINC 
ABSORPTION PARAMETERS OF SPHERICAL TITAN 
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EFFECT OF WAVELENGTH ON THE EXTINCTION AND ABSORPTION 
PARAMETERS OF SPHERICAL VANADIUM PARTICLES 
- EXTINCTION PARAMETER, b e  
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EFFECT OF WAVELENGTH ON THE EXTINCTION AND 
ABSORPTION PARAMETERS OF SPHERICAL ZIRCONIUM PARTICLES 
- E X T I N C T I O N  PARAMETER,  be --- ABSORPTION PARAMETER, b, 
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EFFECT OF WAVELENGTH ON THE EXTINCTION AND 
ABSORPTION PARAMETERS OF SPHERICAL HAFNIUM PARTICLES 
- EXTINCTION PARAMETER, be --- ABSORPTION PARAMETER, bo 
(SCATTERING PARAMETER, b, = b e -  b,) 
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EFFECT OF WAVELENGTH ON T H E  E X T I N C T I O N  AND 
ABSORPTION PARAMETERS OF SPHERICAL MOLYBDENUM PARTICLES 
- EXTINCTION PARAMETERl be 
- -- ABSORPTION PARAMETERl bo 
(SCATTERING PARAMETER, b, = b e -  b o )  
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EFFECT OF WAVELENGTH ON THE E X T I N C T I O N  A N D  
ABSORPTION PARAMETERS OF SPHERICAL N I C K E L  PARTICLES 
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EFFECT OF WAVELENGTH ON THE EXTINCTION AND 
ABSORPTION PARAMETERS OF SPHERICAL TUNGSTEN PARTICLES 
- EXTINCTION PARAMETER I be  --- ABSORPTION PARAMETER, bo 
(SCATTERING PARAMETERI b, I be - bo) 
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EFFECT OF WAVELENGTH ON THE ABSORPTION PARAMETER 
OF SPHERICAL MOLYBDENUM PARTICLES 
--- MIE CALCULATIONS BASED ON UARL n AND k DATA, SEE F I G . 3  - MIE CALCULATIONS BASED ON n AND k DATA FROM REF, 14 
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EFFECT OF WAVELENGTH ON THE ABSORPTION PARAMETER 
OF SPHERICAL TUNGSTEN P A R T I C L E S  
--- MIE CALCULATIONS BASED ON UARL n AND k DATA, SEE FIG. 5  M I E  CALCULATIONS BASED ON n AND k DATA FROM REF.  25 
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COMPARISON OF T H E  ABSORPTION PARAMETERS OF 
M A T E R I A L S  INVESTIGATED FOR WAVELENGTHS B E T W E E N  
0.2 AND 1.0 MICRONS 
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COMPARISON O F  THE ABSORPTION PARAMETERS OF 
M A T E R I A L S  INVESTIGATED FOR WAVELENGTHS B E T W E E N  
I AND 20 MICRONS 
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EFFECT OF WAVE NUMBER ON THE ABSORPTION 
PARAMETER OF SPHERICAL TUNGSTEN PARTICLES 
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EFFECT OF TEMPERATURE ON THE ROSSELAND MEAN OPACITY 
PARAMETER OF SPHERICAL TUNGSTEN PARTICLES 
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COMPUTED V A R I A T I O N  OF THE R E A L  PART OF T H E  
COMPLEX REFRACTIVE INDEX W I T H  ANALYZER SETTING 
FOR VARIOUS P O L A R I Z E R  S E T T I N G S  
ZERO SETTING LIES IN PLANE OF INCIDENCE WHICH INCLUDES NORMAL TO SAMPLE 
COMPLEX REFRACTIVE INDEX N = n -  i k 
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FIG. 27 
COMPUTED V A R I A T I O N  O F  THE I M A G I N A R Y  P A R T  OF THE 
C O M P L E X !  R E F R A C T I V E  INDEX WITH A N A L Y Z E R  S E T T I N G  
FOR VARIOUS P O L A R I Z E R  S E T T I N G S  
ZERO SETTING LIES IN  PLANE OF INCIDENCE WHICH INCLUDES NORMAL TO SAMPLE 
COMPLEX REFRACTIVE INDEX N = n -  i k 
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TYPICAL VARIATION OF POLARIZER AND ANALYZER 
SETTINGS WITH WAVELENGTH BETWEEN 0 . 2 ~  AND 0 . 7 ~  
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ANALYZER AND POLARIZER SETTINGS ARE ROTATIONS 
RELATIVE TO PLANE OF INCIDENCE 
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D-910092 -6 FIG. 29 
EFFECT OF ANALYZER SETTING ON TRANSMITTED INTENSITY 
OF PLANE POLARIZED LIGHT REACHING DETECTOR 
AFTER REFLECTION FROM SAMPLE 
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EFFECT OF POLARIZER SETTING ON TRANSMITTED INTENSITY -~ 
OF PLANE POLARIZED LIGHT REACHING DETECTOR 
AFTER REFLECTION FROM SAMPLE 
ANALYZER AND POLARIZER SETTINGS ARE ROTATIONS 
RELATIVE TO PLANE OF INCIDENCE 
MOLYBDENUM SAMPLE 
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ANALYZER SETTING, a - 31.70 DEG 
COMPENSATOR FAST AXIS AT -45 DEG 
COMPENSATOR RETARDATION 90 DEG 
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EFFECT OF COMPENSATOR RETARDATION ON R E A L  A N D  
IMAGINARY PARTS O F  COMPLEX REFRACTIVE I N D E X  OF 
MOLYBDENUM AT 0 . 5 5 ~  
COMPLEX REFRACTIVE INDEX N = n - i k  
COMPENSATOR FAST AXIS AT - 4 5  DEG 
5 
0 
70 80 90 
COMPENSATOR RETARDATION, e - DEG 
61 
0-910092-6 FIG. 32 
EFFECT OF ANGLE OF INCIDENCE ON THE MEASURED 
REAL AND IMAGINARY PARTS OF THE COMPLEX REFRACTIVE 
INDEX OF HAFNIUM, MOLYBDENUM AND TUNGSTEN AT A 
WAVELENGTH OF 0 . 5 5 ~  
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